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SUMMARY 
F u t u r e  Space Communications subsystems w i l l  u t i l i z e  GaAs M o n o l i t h i c  M ic ro -  
wave I n t e g r a t e d  C i r c u i t s  ( M M I C ' s )  t o  reduce volume, w e i g h t ,  and cost and t o  
enhance system r e l i a b i l i t y .  Recent advances i n  GaAs M M I C  techno logy  have l e d  
t o  high-performance dev i ces  which show promise f o r  i n s e r t i o n  i n t o  these n e x t  
g e n e r a t i o n  systems. The s t a t u s  and development o f  a number of these dev i ces  
o p e r a t i n g  from Ku th rough  Ka band w i l l  be d iscussed a l o n g  w i t h  a n t i c i p a t e d  
p o t e n t i a l  a p p l i c a t i o n s .  
INTRODUCTION 
GaAs m o n o l i t h i c  microwave i n t e g r a t e d  c i r c u i t  ( M M I C )  t echno logy  has pro-  
g ressed t o  t h e  p o i n t  t h a t  t h e i r  i n t e g r a t i o n  i n t o  space communication systems 
i s  now f e a s i b l e  on a l a r g e  s c a l e .  A s  a r e s u l t  o f  advances i n  t h e  q u a l i t y  o f  
semiconductor m a t e r i a l s ,  improvements i n  microwave d e s i g n  techn iques ,  develop- 
ment o f  improved f a b r i c a t i o n  techno logy ,  and b a t c h  p r o c e s s i n g  techn iques ,  GaAs 
M M I C ' s  can now o f f e r  t h e  system des igne rs  h i g h  performance, smal l  s i z e ,  h i g h  
r e l i a b i l i t y ,  r e p r o d u c i b i l i t y ,  low cost, and high-volume p r o d u c t i o n .  
Improvements i n  microwave m a t e r i a l s  and t h e  methods for t h e i r  p r o d u c t i o n  
have p e r m i t t e d  b o t h  improved performance and lower  c o s t .  S e m i - i n s u l a t i n g  GaAs 
has decreased s i g n i f i c a n t l y  i n  c o s t  w h i l e  h a v i n g  b e t t e r  e l e c t r i c a l  c h a r a c t e r i s -  
t i c s  compared t o  e a r l i e r  s u b s t r a t e s .  I n  a d d i t i o n ,  a c t i v e  l a y e r  f o r m a t i o n  by  
such methods as ion i m p l a n t a t i o n ,  mo lecu la r  beam e p i t a x y  (MBE) ,  me ta l  o r g a n i c  
chemical  vapor d e p o s i t i o n  (MOCVD), and vapor phase e p i t a x y  (VPE) p e r m i t s  t h e  
p r e p a r a t i o n  n o t  o n l y  o f  t h e  b a s i c  MESFET s t r u c t u r e ,  b u t  a l s o  h e t e r o j u n c t i o n  
s t r u c t u r e s  such as H igh  E l e c t r o n  M o b i l i t y  T r a n s i s t o r s  ( H E M T ' s )  wh ich  e x h i b i t  
improved n o i s e  f i g u r e  performance and appear t o  promise  improved m i l l i m e t e r  
wave performance i n  power a p p l i c a t i o n s .  
F a b r i c a t i o n  techn iques  have improved t o  a p o i n t  where v i a  h o l e s ,  a i r  
b r i d g e s ,  t h i n  f i l m  r e s i s t o r s ,  m e t a l - i n s u l a t o r - m e t a l  c a p a c i t o r s ,  and s p i r a l  
i n d u c t o r s  a r e  now r o u t i n e l y  made. 
l u t i o n  o f  0 .5  pm i s  now p o s s i b l e  on l a r g e  wafer  l o t s  o f f e r i n g  a reduced c o s t  
i n  comparison w i t h  E-beam d i r e c t  w r i t e  l i t h o g r a p h y .  
I n  a d d i t i o n ,  o p t i c a l  l i t h o g r a p h y  a t  a reso -  
Microwave des ign  c a p a b i l i t i e s  below 20 GHz have progressed r a p i d l y .  Com- 
Many M M I C  des igne rs  have 
p u t e r  a i d e d  des ign  programs such as Touchstone and Super Compact can b o t h  be 
used for c i r c u i t  s i m u l a t i o n  and o p t i m i z a t i o n .  Above 20 GHz t h e  programs can 
be used b u t  more c a r e  must be taken  w i t h  t h e  models. 
a l s o  deve loped a l i b r a r y  of models t o  supplement t h e  c a p a b i l i t i e s  of t h e  two 
programs. 
t l m e  was t h e  development o f  t h e  on-wafer p r o b i n g  s t a t i o n  by Cascade M i c r o t e c h .  
The o t h e r  break t h r o u g h  which has quickened t h e  d e s i g n  t u r n  around 
NASA Lewis Research Center  r e c o g n i z e d  t h e  advantages o f  MMIC's i n  space 
communications and i n i t i a t e d  a program i n  M M I C  development a p p r o x i m a t e l y  
6 yea rs  ago. The major  t h r u s t  o f  o u r  e f f o r t  s i n c e  then  has been t h e  deve lop-  
ment o f  MMIC's which would push t h e  s t a t e  o f  t h e  a r t  i n  b o t h  c i r c u i t  c o m p l e x i t y  
and performance w h i l e  p r o v i d i n g  t e c h n o l o g i e s  needed fo r  N A S A ' s  communicat ion 
needs. S p e c i f i c a l l y ,  t h e  development o f  30-GHz r e c e i v e r s  and 20-GHz t r a n s m i t -  
t e r s  f o r  use on an ACTS-l ike s a t e l l i t e  w i t h  scanning phased a r r a y  antennas, 
Ku-band h i g h - e f f i c i e n c y  a m p l i f i e r s  f o r  space s t a t i o n ,  32.5-GHz power a m p l i f i e r s  
and phase s h i f t e r s  for t h e  Mars Rover m i s s i o n ,  and 60-GHz a m p l i f i e r s  and phase 
s h i f t e r s  f o r  i n t e r o r b i t e r  communicat ions was under taken.  
NASA has c o n s t a n t l y  been i n c o r p o r a t i n g  new t e c h n o l o g i e s  i n t o  t h e  programs 
as they  developed. The e a r l i e r  programs used GaAs MESFET t e c h n o l o g i e s  which 
were  s t i l l  s t a t e  o f  t h e  a r t  i n  1981-1982 when t h e  programs were  i n i t i a t e d .  
HEMT techno logy  was i n c o r p o r a t e d  i n t o  t h e  programs when i t  became apparent  
HEMT's would o f fe r  g r e a t e r  per fo rmance fo r  c e r t a i n  a p p l i c a t i o n s  such as low- 
n o i s e  a m p l i f i e r s .  
c o n t r a c t s  to develop t h e  necessary  dev i ces  and c i r c u i t r y  f o r  o p t i c a l  c o n t r o l  o f  
an M M I C .  T h i s  development shou ld  p r o v i d e  a f u r t h e r  s t i m u l u s  t o  use MMIC's i n  
l a r g e  antenna a r r a y s  by s i m p l i f y i n g  t h e  c o n t r o l  l i n e  and RF f e e d  d i s t r i b u t i o n  
networks.  
s i z e  o f  communicat ion s y s t e m s .  
I n  a d d i t i o n  t o  these b a s i c  M M I C  developments, NASA Lewis has i n i t i a t e d  
The accompl ishment o f  t h i s  goal  promises t o  reduce t h e  we igh t  and 
The g o a l s  and s t a t u s  o f  t h e  above s t a t e d  developments a r e  g i v e n  i n  the  
n e x t  s e c t i o n .  L a s t l y ,  areas which need f u r t h e r  development a r e  d i scussed .  
Ku-BAND H I G H - E F F I C I E N C Y  POWER AMPLIFIER 
I n  a n t i c i p a t i o n  o f  Space S t a t i o n  needs, NASA Lewis has awarded p a r a l l e l  
c o n t r a c t s  t o  Hughes A i r c r a f t  Corp.  (HAC)  and Texas I n s t r u m e n t s  ( T I )  f o r  t h e  
development o f  GaAs M M I C  h i g h - e f f i c i e n c y  power a m p l i f i e r s .  Three d i f f e r e n t  
M M I C  ch ips  a r e  b e i n g  developed under each c o n t r a c t :  
f i e r  ( H P A ) ,  a 1.0-W medium-power a m p l i f i e r  (MPA) ,  and a 1.0-W var iab le -power  
a m p l i f i e r  ( V P A ) .  
A 4.0-W high-power amp l i -  
The d e s i g n  g o a l s  f o r  t h e  c o n t r a c t s  a r e  l i s t e d  i n  t a b l e  I. 
The s p e c i f i c a t i o n  on t h e  e f f i c i e n c y  i s  t h e  most s t r i n g e n t  o f  t h e  d e s i g n  
g o a l s .  
which has a t h e o r e t i c a l  d r a i n  e f f i c i e n c y  o f  78.5 p e r c e n t  and a co r respond ing  
power added e f f i c i e n c y  o f  76 p e r c e n t  f o r  t h e  s p e c i f i e d  g a i n  o f  15 dB. 
c l a s s  A a m p l i f i e r  w i t h  a t h e o r e t i c a l  d r a i n  e f f i c i e n c y  o f  50 p e r c e n t  would 
have a co r respond ing  power added e f f i c i e n c y  o f  48.4 p e r c e n t .  S ince p r a c t i c a l  
dev i ces  have a nonzero r e s i s t a n c e  ac ross  t h e  channel ,  t h e  a c t u a l  e f f i c i e n c i e s  
o b t a i n a b l e  w i l l  be l e s s  t han  those  s t a t e d  above. T h e r e f o r e ,  t h e  c l a s s  B ampl i -  
f i e r  des ign i s  a l o g i c a l  c h o i c e  for o b t a i n i n g  t h e  40 p e r c e n t  e f f i c i e n c y  spec i -  
f i e d .  I n  a d d i t i o n ,  c l a s s  B push -pu l l  o p e r a t i o n  suppresses even o r d e r  
To meet t h a t  g o a l ,  HAC has chosen a c l a s s  B push -pu l l  a m p l i f i e r  des ign 
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The c l a s s  B push -pu l l  a m p l i f i e r  designed by Hughes i s  one o f  t h e  most com- 
l i c a t e d  MMIC's a t t e m p t e d  so f a r .  The HPA c h i p  l a y o u t  i s  a p p r o x i m a t e l y  4.1 by 
.6 mm and c o n t a i n s  19 v i a  h o l e s ,  50 t h i n - f i l m  c a p a c i t o r s ,  14 t h i n  f i l m  r e s i s -  
tors, more than  100 a i r  b r i d g e s ,  and t h r e e  s tages  of 0.5 pm FETS w i t h  a com- 
b i n e d  w i d t h  g r e a t e r  t h a n  12  mm. The VPA w i l l  employ dua l -ga te  FETS for  g a i n  
c o n t r o l .  
Texas I n s t r u m e n t s  has s e l e c t e d  a c l a s s  AB a m p l i f i e r  as a b a s e l i n e  
approach. Texas I n s t r u m e n t s  i s  a l s o  i n v e s t i g a t i n g  h i g h - e f f i c i e n c y  dev i ces  as 
a l t e r n a t i v e s  to  GaAs MESFETS. A s  p a r t  o f  t h e  c o n t r a c t ,  T I  i s  t o  d e l i v e r  a nom- 
i n a l  number o f  GaAlAsIGaAs h e t e r o j u n c t i o n  HEMT and GaAlAsIGaAs h e t e r o j u n c t i o n  
M I S F E T  HPA M M I C ' s .  These modules shou ld  have a h i g h e r  e f f i c i e n c y  than  the  GaAs 
M M I C ' s  o f  s i m i l a r  c i r c u i t  des ign .  
0.5-pm g a t e - l e n g t h  F E T s .  R e c e n t l y ,  T I  demonstrated a 1200 pm wide dev i ce  grown 
by m o l e c u l a r  beam e p i t a x y  w i t h  an n+ c o n t a c t  l a y e r  and a 2 . 5 ~ 1 0 ~ ~  ~ m - ~  doped 
a c t i v e  l a y e r  wh ich  e x h i b i t e d  a power d e n s i t y  of 0.5 W/mm and an e f f i c i e n c y  o f  
39 p e r c e n t .  
Each a m p l i f i e r  w i l l  use t h r e e  s tages  o f  
Bo th  c o n t r a c t o r s  a r e  t o  p a s s i v a t e  a l l  t h e  M M I C ' s  and d e l i v e r  them i n  her -  
m e t i c a l l y  sea led  packages. The package des ign  shou ld  address t h e  i s s u e s  o f  
M M I C  p r o t e c t i o n ,  c o m p a t i b i l i t y  w i t h  RF t e s t  systems, thermal  d i s s i p a t i o n ,  and 
c o m p a t i b i l i t y  w i t h  t h e  system requ i remen ts .  A w e l l  des igned package shou ld  
a l l o w  t h e  t i m e l y  i n c o r p o r a t i o n  o f  t h e  M M I C ' s  i n t o  a system. 
t h e  i s s u e  of MMIC packag ing  i s  n o t  a t r i v i a l  p rob lem and f u r t h e r  comments on 
t h i s  i s s u e  a r e  addressed i n  t h e  c o n c l u s i o n  s e c t i o n  o f  t h i s  paper .  
I n  genera l  though, 
30 GHz M M I C  R E C E I V E R  TECHNOLOGY 
NASA Lewis has two c o n t r a c t s  for t h e  development o f  30-GHz GaAs M M I C  
r e c e i v e r s .  
module developments:  a phase s h i f t e r ,  low n o i s e  a m p l i f i e r  (LNA), m i x e r ,  and a 
g a i n  c o n t r o l  a m p l i f i e r  ( G C A ) .  Techno log ies  wh ich  would p e r m i t  t h e  i n t e g r a t i o n  
o f  t h e  submodules i n t o  a complete M M I C  r e c e i v e r  were t o  be used. 
c o n t r a c t o r s  were t o  d e s i g n  a r e c e i v e r  to  meet t h e  s p e c i f i c a t i o n s  i n  t a b l e  11, 
each used a d i f f e r e n t  approach. Hughes performed t h e  phase s h i f t i n g  a t  t he  LO 
f r e q u e n c y  and t h e  g a i n  c o n t r o l  a t  t h e  I F  f requency .  Honeywell  pe r fo rmed  t h e  
phase s h i f t i n g  and g a i n  control  a t  RF. The b l o c k  d iagram f o r  each o f  t h e  c i r -  
c u i t s  i s  g i v e n  i n  f i g u r e  1 .  
The development of t h e  r e c e i v e r  was separa ted  i n t o  f o u r  separa te  
A l though  b o t h  
The c o n t r a c t  w i t h  HAC has been completed. The performance o f  t h e  i n d i v i d -  
The HAC LNA used two s tages  o f  0.25- by u a l  submodules i s  g i v e n  i n  t a b l e  111. 
150-pm T--shaped g a t e  F E T ' s  f a b r i c a t e d  by d i r e c t  E-beam w r i t e  l i t h o g r a p h y  and 
i o n  i m p l a n t a t i o n  i n t o  a VPE b u f f e r  l a y e r .  A l though  t h e  LNA d i d  n o t  meet the  
s p e c i f i c a t i o n s ,  i t  d i d  o b t a i n  s t a t e - o f - t h e - a r t  performance for t h a t  t i m e  
( f i g .  2 ) .  Y i e l d  l i m i t a t i o n s  were p r i m a r i l y  caused by MOM c a p a c i t o r  d e f e c t s .  
Hughes worked on t h i s  p rob lem and was f i n a l  l y  a b l e  t o  f a b r i c a t e  MOM c a p a c i t o r s  
w i t h  a capac i tance  p e r  u n i t  a rea  v a r i a t i o n  of 2 p e r c e n t  across  a wa fe r  and 
5 p e r c e n t  from wafer to  wafer.  The GCA used a 0.5-pm dua l -ga te  FET t o  ach ieve  
t h e  r e q u i r e d  g a i n  c o n t r o l .  
c i r c u i t  caused t h e  m i x e r  t o  r e q u i r e  17 dBm of LO power t o  ach ieve  t h e  r e p o r t e d  
c o n v e r s i o n  loss.  
Inadequate  ma tch ing  of t h e  Scho t t ky  d iodes  to  the  
3 
Hughes used an ana log  phase s h i f t e r  d e s i g n  shown i n  f i g u r e  3. Reverse 
b iased  v a r a c t o r  d iodes ,  which a c t  as v a r i a b l e  c a p a c i t o r s ,  a r e  i n  s e r i e s  w i t h  an 
i n d u c t o r .  By chang ing  t h e  b i a s  on  t h e  d iodes ,  t h e  d i o d e  capac i tance  and t h e r e -  
f o r e  t h e  reac tance  o f  t h e  LC c i r c u i t  i s  changed. T h e r e f o r e ,  t h e  phase o f  t h e  
r e f l e c t e d  s i g n a l  i n t o  p o r t s  2 and 4 o f  t h e  Lange c o u p l e r  i s  changed. A phase 
change between 90" and -90" i s  p o s s i b l e  w i t h  t h e  p r o p e r  capac i tance  v a r i a t i o n .  
H igher  f requency  o p e r a t i o n  o f  phase s h i f t e r s  u s i n g  t h i s  des ign  i s  l i m i t e d  by 
the  s e r i e s  r e s i s t a n c e  and t h e  capac i tance  v a r i a t i o n  o b t a i n a b l e  by t h e  v a r a c t o r  
d iodes .  There fo re ,  cascad ing  two or more phase s h i f t e r s  t o  o b t a i n  180" o f  
phase s h i f t  w i t h  low loss i s  necessary  a t  Ka-band and h i g h e r  f r e q u e n c i e s .  
The phase s h i f t e r ,  m i x e r ,  and GCA were i n t e g r a t e d  by HAC i n t o  one M M I C  
( f i g .  4 ) .  T h i s  was f e a s i b l e  s i n c e  a l l  t h e  d e v i c e s  used o p t i c a l  l i t h o g r a p h y  and 
d i d  n o t  work due t o  g a t e  m isa l i gnmen ts  and poor  d e v i c e  i s o l a t i o n  caused by t h e  
m u l t i p l e  i m p l a n t s  r e q u i r e d  t o  d e f i n e  a l l  t h e  d i f f e r e n t  d e v i c e s .  The few c h i p s  
which had work ing  components showed t h a t  i n t e g r a t i o n  o f  d iodes  and F E T ' s  on the  
same c h i p  i s  p o s s i b l e .  The g a t e  m isa l i gnmen t  c o u l d  have been so l ved  by b e t t e r  
a l i gnmen t  marks and t h e  d e v i c e  i s o l a t i o n  c o u l d  be accompl ished by a p r o t o n  bom- 
bardment s t e p .  The LO s i g n a l  was n o t  a p p l i e d  t o  t h e  phase s h i f t e r  i n  t h e  i n t e -  
g r a t e d  MMIC s i n c e  t h e  d iodes  i n  t h e  phase s h i f t e r  c o u l d  n o t  hand le  t h e  LO power 
r e q u i r e d  by  t h e  m i x e r .  The LNA was n o t  i n t e g r a t e d  o n t o  t h e  c i r c u i t  because o f  
i t s  low y i e l d  and t h e  h i g h  cost o f  E-beam l i t h o g r a p h y .  Due t o  t i m e  and money 
c o n s t r a i n t s ,  HAC d i d  no t  c o r r e c t  t h e s e  problems or d e s i g n  t h e  c i r c u i t r y  neces- 
s a r y  f o r  d i g i t a l  c o n t r o l  of t h e  phase s h i f t e r  and g a i n  c o n t r o l  a m p l i f i e r  
( r e f .  1 ) .  
, i o n  i m p l a n t a t i o n  f o r  a c t i v e  a rea  d e f i n i t i o n .  U n f o r t u n a t e l y ,  t h e  r e s u l t i n g  MMIC , 
Honeywell  has demonst ra ted  and d e l i v e r e d  t o  NASA t h e  LNA, phase s h i f t e r ,  
and GCA. The measured r e s u l t s  ach ieved by Honeywel l  a r e  g i v e n  i n  t a b l e  111. 
Honeywe l l ' s  a n a l y s i s  de termined t h e  LNA must p r o v i d e  32 dB of g a i n  w i t h  a ' 
4.8-dB n o i s e  f i g u r e ,  wh ich  t r a n s l a t e s  t o  r o u g h l y  6-dB g a i n  and 4-dB n o i s e  f i g -  
u r e  f o r  each o f  t h e  f i v e  s tages ,  t o  ach ieve  t h e  r e q u i r e d  r e c e i v e r  performance. 
The LNA was f a b r i c a t e d  u s i n g  i o n  i m p l a n t a t i o n  and h y b r i d  E-beam/opt ical  con- 
t a c t  l i t h o g r a p h y  t o  d e f i n e  0.25- by 100-pm g a t e  F E T s .  Recent t e s t i n g  on a two- 
s tage LNA y i e l d e d  7-dB g a i n  w i t h  6.2-dB n o i s e  f i g u r e  a t  normal b i a s .  
ma tch ing  m o d i f i c a t i o n s  a r e  r e q u i r e d  to  s h i f t  t h e  o p e r a t i n g  f requency  t o  the  
NASA 27.5- to  30.0-GHz band. The GCA, l i k e  t h e  LNA, u t i l i z e s  i o n  imp lan ted  
0.25- by 100-pm g a t e  F E T s ;  however, dua l -ga te  techno logy  i s  used t o  o b t a i n  g a i n  
c o n t r o l .  Two s tages  o f  a m p l i f i c a t i o n  a r e  r e q u i r e d  t o  ach ieve  a maximum 12-dB 
g a i n  w i t h  13-dB dynamic range.  A phase enve lope o f  i 10 "  a t  band c e n t e r  was 
o b t a i n e d  o v e r  t h e  dynamic range.  
On c h i p  
, Ch ip  s i z e  i s  1 .8  by 0 . 5  by 0 .15  mm3. 
The Honeywell  phase s h i f t e r  i s  compr ised o f  t h r e e  sw i t ched  l i n e  b i t s ,  45, 
90, and 180", and a loaded l i n e  s e c t i o n .  The sw i t ched  l i n e  b i t s  v a r y  the  phase 
o f  t h e  s i g n a l  by add ing  or s u b t r a c t i n g  i nc remen ta l  l e n g t h s  of t r a n s m i s s i o n  l i n e  
( f i g .  5 ) .  One- by  400-pm g a t e  F E T ' s  f a b r i c a t e d  by i o n  i m p l a n t a t i o n  u s i n g  
power F E T  p r o c e s s i n g  techn iques  a r e  used i n  t h e  S i n g l e  Pole-Double Throw (SPOT) 
sw i t ches .  The measured i h s e r t i o n  loss a t  band c e n t e r  i s  l e s s  than  2 dB per  
b i t .  The v a r i a t i o n  i n  t h e  i n s e r t i o n  loss when t h e  phase s h i f t e r  i s  stepped 
over the  16-phase s t a t e s  i s  *2  dB. Ch ip  s i z e  i s  2 . 5  by 5 . 5  by 0.15 mm3. 
The R F / I F  downconverter uses a ba lanced m i x e r  w i t h  an I F  o f  5 . 5  t o  8 .0  GHz 
and employs i o n  i m p l a n t e d  S c h o t t k y  b a r r i e r  d i o d e s .  The m i x e r s  a r e  f a b r i c a t e d  
u s i n g  an advanced CENSOR d i r e c t - s t e p  on-wafer l i t h o g r a p h y  system. The d iode 
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p r o c e s s i n g  i s  compa t ib le  w i t h  t h e  FET techno logy  t o  f a c i l i t a t e  m o n o l i t h i c  
i n t e g r a t i o n  w i t h  t h e  o t h e r  f u n c t i o n s .  Measured RF per fo rmance o f  t h e  3.1- by  
2.2- by 0.15-mm3 c h i p  i n d i c a t e d  a c o n v e r s i o n  loss o f  8 dB a t  +10 dBm LO d r i v e .  
The h i g h  c o n v e r s i o n  loss, wh ich  exceeded t h e  d e s i r e d  goa l  by s e v e r a l  dB, i s  
a t t r i b u t e d  t o  mismatch between t h e  d iodes  and t h e  h y b r i d  LO/RF combin ing  c i r -  
c u i t .  A r e d e s i g n  has been i n i t i a t e d .  A t h ree -s tage  LO-buffer a m p l i f i e r  w i t h  a 
measured 16-dB g a i n  a t  22 GHz has a l s o  been developed as p a r t  o f  t h e  submodule. 
To demonst ra te  t h e  p o t e n t i a l  of a m o n o l i t h i c  r e c e i v e r ,  Honeywel l  cascaded 
t h e  LNA, phase s h i f t e r ,  and GCA submodules. The i n t e r c o n n e c t e d  r e c e i v e r  demon- 
s t r a t e d  t h e  c o m p a t i b i l i t y  of t h e  submodules and t h e  expec ted  o v e r a l l  per fo rm-  
ance o f  t h e  MMIC.  A l l  t h e  t e s t e d  i n t e r c o n n e c t e d  r e c e i v e r s  y i e l d e d  comparable 
r e s u l t s .  Ga in  and phase d a t a  a r e  shown i n  f i g u r e  6. A t  p r e s e n t ,  a d d i t i o n a l  
runs  w i t h  d e s i g n  m o d i f i c a t i o n s  a r e  b e i n g  i n i t i a t e d  t o  improve per fo rmance o f  
t h e  LNA and phase s h i f t e r  submodules. A d d i t i o n a l l y ,  a m o n o l i t h i c  v e r s i o n  o f  
an LNAiPhase s h i f t e r  c h i p  i s  b e i n g  processed ( r e f .  2 ) .  
20 GHz TRANSMITTER TECHNOLOGY 
NA,SA Lewis has t h r e e  c o n t r a c t s  t o  deve lop  MMIC's for a 20-GHz t r a n s m i t t e r .  
The f i rs t  c o n t r a c t  i s  w i t h  Rockwel l  I n t e r n a t i o n a l  ( R I )  for t h e  development o f  a 
v a r i a b l e  phase s h i f t e r ,  c o n s t a n t  g a i n  a m p l i f i e r ,  and t h e  d i g i t a l  c o n t r o l  c i r -  
c u i t r y  for  t h e  phase s h i f t e r  i n t e g r a t e d  i n t o  a s i n g l e  c i r c u i t .  The o t h e r  two 
c o n t r a c t s  a r e  b o t h  w i t h  T I  f o r  t h e  development o f  a va r iab le -power  a m p l i f i e r  
and a high-power a m p l i f i e r .  The g o a l s  for these t h r e e  c o n t r a c t s  a r e  g i v e n  i n  
t a b l e  I V .  
The M M I C  developed by  R I  i s  shown i n  f i g u r e  7 .  I t  i n c l u d e s  a f i v e - b i t  
va r iab le -phase  s h i f t e r  w i t h  nominal  s e t t i n g s  o f  11.25, 22.50, 45, 90, and 180" 
f o l l o w e d  by a b u f f e r  a m p l i f i e r  t o  compensate for t h e  loss i n  t h e  phase s h i f t -  
e r s .  A l l  f i v e  b i t s  of t h e  phase s h i f t e r  a r e  t h e  sw i t ched  l i n e  t y p e  d e s c r i b e d  
above. The f i n a l  s tage i s  a c o n s t a n t  g a i n  a m p l i f i e r .  W i th  t h e  s u c c e s s f u l  
i n t e g r a t i o n  o f  t h e  d i g i t a l  c o n t r o l  c i r c u i t r y ,  t h e  MMIC o b t a i n e d  t h e  h i g h e s t  
l e v e l  o f  i n t e g r a t i o n  f o r  a 20-GHz M M I C  r e p o r t e d  a t  t h e  t i m e  ( r e f .  3 ) .  
The VPA c o n s i s t e d  o f  a f o u r - s t a g e  GaAs FET a m p l i f i e r  w i t h  a D / A  c o n v e r t e r  
( f i g .  8) t o  c o n v e r t  a f o u r - b i t  control s i g n a l  i n t o  16 d i s c r e e t  v o l t a g e  l e v e l s  
from -3 t o  3 V .  The o u t p u t  power o f  t h e  a m p l i f i e r  was c o n t r o l l e d  t h r o u g h  t h e  
use o f  c lual-gate FET's w i t h  t h e  second g a t e  o f  the  FET b i a s e d  by  t h e  o u t p u t  
v o l t a g e  o f  t h e  D / A  c o n v e r t e r .  T h i s  approach p e r m i t s  a l a r g e  dynamic range of  
g a i n  c o n t r o l ,  low phase v a r i a t i o n  o v e r  t h e  dynamic range,  and FET i n p u t / o u t p u t  
impedances wh ich  a r e  n e a r l y  c o n s t a n t .  T I  used 0.4- t o  0.5-pm ga tes  d e f i n e d  on 
a VPE grown a c t i v e  l a y e r .  The f o u r  s tages  had ga te  w i d t h s  o f  240, 240, 480, 
and 1200 pm for a t o t a l  g a t e  p e r i p h e r y  of 2.16 mm. T I  has measured 500 mW o f  
o u t p u t  power w i t h  21  dB of g a i n  and 14.9 p e r c e n t  power added e f f i c i e n c y  a t  
18 GHz. 30 dB o f  
dynamic range was measured ( r e f .  4 ) .  
The measured l i n e a r  g a i n  was 23 dB a t  250-mW o u t p u t  power. 
NASA Lewis has performed q u i c k  measurements o f  100 of t h e  V P A ' s  which T I  
packaged i n  a NASA s u p p l i e d  package. 
1-GHz bandwid th  c e n t e r e d  a t  18 GHz was measured. 
t i o n  o f  t h e  1 7 . 7 -  t o  20-GHz band a r e  s l i g h t l y  degraded. The D / A  c o n t r o l l e d  
dua l -ga te  FET's p r o v i d e d  o n l y  marg ina l  g a i n  c o n t r o l ;  t h e  apparen t  l a c k  o f  g a i n  
An average peak g a i n  of 22 .0  dB o v e r  a 
The r e s u l t s  i n  t h e  upper por -  
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c o n t r o l  i s  b e i n g  i n v e s t i g a t e d .  The c h i p - t o - c h i p  r e p e a t a b i l i t y  ac ross  a wafer  
was good b u t  wafer-to-wafer v a r i a t i o n s  were l a r g e  ( r e f .  5). 
Two approaches were t r i e d  by  T I  i n  t h e  development o f  t h e  power a m p l i f i e r  
des ign .  The f i rs t  used a f o u r  t o  one t r a v e l i n g  wave power combiner and f o u r  
0 . 7 4  a m p l i f i e r s .  A l t h o u g h  T I  s u c c e s s f u l l y  demonst ra ted  a power combiner w i t h  
0.35 dB o f  i n s e r t i o n  loss from 2 t o  21  GHz and a d i s t r i b u t e d  a m p l i f i e r  w i t h  
0.5-W o u t p u t  power, an average g a i n  of 4.0 dB, and 14  p e r c e n t  power added e f f i -  
c i e n c y  from 2 t o  21 GHz, t h i s  d e s i g n  was n o t  used because of t h e  l a r g e  s i z e  o f  
the  r e s u l t i n g  M M I C  and t h e  low power and g a i n  wh ich  was ach ieved.  The second 
approach used a t h r e e - s t a g e  power a m p l i f i e r  ( f i g .  9 ) .  The F E T ' s  had 0.5-pm 
gates  w i t h  a t o t a l  g a t e  p e r i p h e r y  o f  9.6 mm. The b e s t  measured performance 
ach ieved 2.5-W o u t p u t  power, 18-dB g a i n ,  and 16 p e r c e n t  power added e f f i c i e n c y  
a t  18 GHz ( r e f .  6 ) .  
NEXT GENERATION M M I C  TECHNOLOGIES 
The GaAs MESFET has been t h e  d r i v i n g  f o r c e  beh ind  t h e  M M I C  i n d u s t r y  i n  t h e  
p a s t .  
d u r i n g  t h a t  t ime .  
complex d e v i c e  geomet r i es .  The permeable-base t r a n s i s t o r ,  h e t e r o j u n c t i o n  
b i p o l a r  t r a n s i s t o r ,  and HEMT's a r e  examples o f  d e v i c e s  now made p o s s i b l e  by t h e  
advance o f  MBE and MOCVD m a t e r i a l  g rowth  processes .  
Microwave c i r c u i t  d e s i g n  and t e s t i n g  and GaAs f a b r i c a t i o n  have matured 
R e c e n t l y  though, t h e  f a b r i c a t i o n  o f  advanced dev i ces  has 
~ become f e a s i b l e  w i t h  t h e  development o f  m a t e r i a l  g rowth  processes wh ich  p e r m i t  
O f  t h e  new d e v i c e s ,  t h e  HEMT i s  t h e  most l i k e l y  techno logy  to  be used i n  
t h e  e a r l y  1 9 9 0 ' s .  The ou tward  appearance o f  a HEMT i s  i d e n t i c a l  t o  t h a t  o f  a 
MESFET.  I n  a d d i t i o n ,  t h e  same p r o c e s s i n g  t e c h n o l o g i e s  a r e  used t o  f a b r i c a t e  
b o t h  H E M T ' s  and M E S F E T ' s .  T h i s  shou ld  make t h e  i n t e g r a t i o n  of HEMT dev i ces  
i n t o  p r e s e n t  M M I C  d e s i g n  and f a b r i c a t i o n  processes  r e a d i l y  a c h i e v a b l e .  
H E M T ' s  have been demonst ra ted  t o  be s u p e r i o r  to  GaAs M E S F E T ' s  f o r  the  f o l -  
l o w i n g  a p p l i c a t i o n s :  low-no ise  a m p l i f i e r s ;  d i s t r i b u t e d  a m p l i f i e r s ,  t h e y  have 
a h i g h e r  ga in -bandwid th  p r o d u c t ;  and power a m p l i f i e r s .  InGaAs pseudomorphic 
HEMT's w i t h  0.25-prn g a t e s  have been shown t o  have u s e f u l  g a i n  above 94 GHz and 
a power added e f f i c i e n c y  of 28 p e r c e n t  a t  60 GHz ( r e f .  7 ) .  H y b r i d  c i r c u i t s  and 
MMIC's u s i n g  H E M T ' s  have g i v e n  s t a t e - o f - t h e - a r t  per fo rmances ( r e f .  8 t o  10 ) .  
The s u p e r i o r  per fo rmance o f  H E M T ' s  i s  due t o  t h e  s e p a r a t i o n  o f  t h e  f r e e  
e l e c t r o n s  from t h e  donor atoms i n  t h e  ga te  channel  r e g i o n  ( f i g .  10 ) .  The sep- 
a r a t i o n  occu rs  due t o  t h e  d i f f u s i o n  of the  e l e c t r o n s  from t h e  h i g h e r  energy 
doped AlGaAs l a y e r  t o  t h e  energy  w e l l  c r e a t e d  by t h e  GaAsiAlGaAs h e t e r o j u n c -  
t i o n .  S ince  the  GaAs l a y e r  i s  undoped, t h e  e l e c t r o n s  t r a v e l  i n  t h e  absence o f  
e l e c t r o n - d o n o r  atom s c a t t e r i n g .  Therefore,  t h e  e l e c t r o n  v e l o c i t y  and m o b i l i t y  
i s  h i g h e r  ( r e f .  1 1 ) .  
NASA has s e v e r a l  c o n t r a c t s  f o r  t h e  development o f  t h e  n e x t  g e n e r a t i o n  o f  
space communicat ion MMIC's wh ich  u t i l i z e  h e t e r o j u n c t i o n  d e v i c e s .  
c o n t r a c t s  i s  t he  Ku-band h i g h - e f f i c i e n c y  power a m p l i f i e r  c o n t r a c t  w i t h  T I  which 
has a l r e a d y  been addressed.  Another  c o n t r a c t  w i t h  T I  i s  f o r  t h e  development o f  
Ka-band power a m p l i f i e r s .  A s  p a r t  o f  the  c o n t r a c t ,  T I  i s  t o  deve lop  a 32.5-GHz 
GaAs HEMT based power a m p l i f i e r  wh ich  i s  s p e c i f i e d  t o  have 20 dB o f  g a i n  and 
One o f  these 
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0.1 W o f  o u t p u t  power a t  l -dB compression w i t h  20 p e r c e n t  power added e f f i -  
c i e n c y .  I n  a d d i t i o n ,  a new c o n t r a c t  f o r  t h e  development o f  32.5 and 60 GHz 
va r iab le -phase  s h i f t e r s  and power a m p l i f i e r s  u s i n g  HEMT techno logy  has been 
awarded. 
I n  a d d i t i o n  t o  HEMT techno logy ,  t h e  n e x t  g e n e r a t i o n  o f  M M I C ' s  w i l l  proba- 
b l y  i n c o r p o r a t e  o p t i c a l  c i r c u i t r y .  M M I C ' s  r e q u i r e  b o t h  d i g i t a l  c o n t r o l  l i n e s ,  
for phase s h i f t e r  and g a i n  c o n t r o l ,  and RF and LO t r a n s m i s s i o n  l i n e s .  M ic ro -  
wave t r a n s m i s s i o n  l i n e s ,  waveguide, and coax, a r e  heavy and l a r g e .  The 
rep lacement  o f  these l i n e s  w i t h  o p t i c a l  f i b e r s  and i n t e g r a t e d  p h o t o d e t e c t o r s  
would g r e a t l y  reduce t h e  w e i g h t  and s i z e  o f  t h e  system. The d i s t r i b u t i o n  o f  
t h e  d i g i t a l  c o n t r o l  s i g n a l s  i n  a phase a r r a y  would a l s o  be s i m p l i f i e d  w i t h  t h e  
NASA c o n t r a c t ,  Honeywell  i s  d e v e l o p i n g  a 
p wh ich  w i l l  o p e r a t e  a t  1 G B i t / s e c  and 
s h i f t e r ,  t h e  i n t e g r a t e d  c h i p  w i l l  have 
T e s t i n g  o f  t h e  c i r c u i t s  f a b r i c a t e d  t o  on o f  750'mW. 
d e m u l t i p l e x  ch p w i l l  meet a l l  t h e  c o n t r a c t  g o a l s .  The 
e s t e d  y e t  a t  h gh d a t a  r a t e s .  
use o f  o p t i c a l  t e c h n o l o g i e s .  Under a 
d e m u l t i p l e x  ch 
f o u r - b i  t Dhase 
p h o t o d e t e c t o r  and 1:16 
when i n t e g r a t e d  w i t h  a 
a t o t a l  power consumpt 
d a t e  i n d i c a t e  t h a t  t h e  
d e t e c t o r  has n o t  been 
CONCLUSIONS 
N A S A ' s  M M I C  development e f f o r t s  and those r e p o r t e d  i n  t h e  l i t e r a t u r e  have 
shown t h a t  " l a r g e  sca le ' '  i n t e g r a t i o n  o f  microwave components i s  f e a s i b l e .  
There i s  f u r t h e r  ev idence o f  t h i s  i n  t h e  Defense Departments M I M I C  programs. 
T h i s  program i s  e s t i m a t e d  t o  be w o r t h  $500 m i l l i o n  for t h e  d e m o n s t r a t i o n  of 
m a n u f a c t u r a b i l i t y ,  low c o s t ,  t e s t a b i l i t y ,  and r e l i a b i l i t y  o f  M M I C ' s .  A l t hough  
t h e  p r i m a r y  g o a l s  o f  t h e  M I M I C  program a r e  t o  supp ly  M M I C ' s  wh ich  a r e  i n s e r t -  
a b l e  i n t o  DoD's programs, t h e  developments made shou ld  show d i r e c t  b e n e f i t s  f o r  
space communicat ion c i r c u i t s .  
The r e s u l t s  of N A S A ' s  programs a l s o  show t h a t  a l t h o u g h  i t  may be p o s s i b l e  
t o  f a b r i c a t e  a f u l l y  i n t e g r a t e d  r e c e i v e r  or t r a n s m i t t e r ,  t h i s  may n o t  be eco- 
n o m i c a l l y  p r a c t i c a l  a t  t h i s  t i m e .  The ma jo r  p rob lem t o  t h i s  d e s i r a b l e  goa l  i s  
t h e  low y i e l d s  o b t a i n e d  and t h e r e f o r e  t h e  h i g h  cost o f  t h e  M M I C  c i r c u i t s .  T h i s  
may be p a r t l y  due t o  t h e  f a c t  t h e  c o n t r a c t s  d i scussed  were for t h e  development 
of s t a t e  o f  t h e  a r t  dev i ces  r e q u i r i n g  nonproduc t ion  l i n e  t ypes  o f  f a b r i c a t i o n  
processes .  
0.5 pm l o n g  a r e  made, t h e  y i e l d  of these dev i ces  w i l l  s u r e l y  i n c r e a s e .  The 
optimum l e v e l  o f  i n t e g r a t i o n  w i l l  have t o  be addressed p e r i o d i c a l l y  as advances 
a r e  made wh ich  e f f e c t  f a b r i c a t i o n  y i e l d .  
A s  p r o c e s s i n g  developments f o r  t h e  f a b r i c a t i o n  o f  ga tes  l e s s  t h a n  
F i n a l l y ,  t h e r e  a r e  s e v e r a l  i s s u e s  wh ich  need to be addressed b e f o r e  t h e  
b e n e f i t s  o f  MMIC's may be f u l l y  r e a l i z e d .  The major  concern  i s  t h e  p a s s i v a t i o n  
and packag ing  o f  t h e  M M I C  i n  a h e r m e t i c a l l y  sea led  e n c l o s u r e  wh ich  does n o t  
degrade the  MMIC's per fo rmance.  T h i s  i s  comp l i ca ted  by t h e  f a c t  t h a t  microwave 
t r a n s m i s s i o n  l i n e s  r a d i a t e  energy  wh ich  i s  e a s i l y  coup led  t o  n e i g h b o r i n g  compo- 
n e n t s .  
I n  a d d i t i o n ,  t h e  bond ing  o f  DC and RF f e e d  l i n e s  t o  t h e  MMIC can c r e a t e  para-  
s i t i c  reac tances  wh ich  may degrade t h e  performance o f  t h e  c i r c u i t .  R a d i a t i o n  
hardness and r e l i a b i l i t y  o f  H E M T ' s  needs f u r t h e r  s t u d y  b e f o r e  t h e y  can be 
i n s e r t e d  i n t o  s a t e l l i t e  communicat ion systems. L a s t l y ,  m i l l i m e t e r  wave c i r c u i t  
component models need t o  be e i t h e r  c r e a t e d  or r e f i n e d  t o  decrease t h e  amount o f  
des ign  i t e r a t i o n s  r e q u i r e d  f o r  M M I C  d e s i g n  above 30 GHz. 
The r a d i a t e d  energy  can a l s o  c r e a t e  resonances w i t h i n  t h e  e n c l o s u r e .  
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TABLE I. - Ku-BAND HIGH EFFICIENCY AMPLIFIER CONTRACT GOALS 
I <0.5 dB 
_ _ ~  
Frequency, GHz 
I n p u t / o u t p u t  VSWR 
Group de lay ,  nsec 
RF o u t p u t  power 
Gain 
Added e f  f i c i  ency 
Gai n v a r i  a t i  on (over  
t h e  f u l l  band) 
( o v e r  any 500 MHz 
subband) 
( o v e r  any 500 MHz 
subband) 
RF o u t p u t  power, W 
Gain, dB 
Added e f  f i  c i  ency 
Phase v a r i a t i o n  
Phase/Gain c o n t r o l ,  b i t  
MPA 
17.7 t o  20.2 ---------___ 
-____------- 
------_--_-- 
I 360" ____________ 
5 
13 t o  15 
1.3:l 
0.5 
17.2 t o  20.2 
0 t o  0.5 max. 
>20 
>15% a t  0.5 W 
>1.0 W s a t .  
>0.5 W l i n e a r  
>15 dB 
>40% s a t .  
>35% 1 i near  
<1 dB 
19 t o  21 
2.5 s a t . ,  1.5 l i n e a r  
>15 
>20% a t  s a t .  
~0.5 dB 
HPA 
13 t o  15 
1.3:l 
0.5 
>4.0 W s a t .  
>2.5 W l i n e a r  
>15 dB 
>40% s a t .  
>35% l i n e a r  
< 1  dB 
VPA 
13 t o  15 
1.3:l 
0.2 
0 t o  1.0 W i n  
16 l e v e l s  
>15 dB a t  1.0 W 
>35% a t  1.0 W 
TABLE 11. - 30 GHz RECEIVER CONTRACT GOALS 
RF band, GHz . . . . . . . . . . . . . . . . . . . . . . . . . .  27.5 t o  30 
I F  c e n t e r  frequency, GHz . . . . . . . . . . . . . . . . . . . . . .  4 t o  8 
Dynamic range, dB . . . . . . . . . . . . . . . . . . . . . . . . . . .  >30 
Phase v a r i a t i o n ,  deg. . . . . . . . . . . . . . . . . . . . . . . . . .  180 
Phase and g a i n  c o n t r o l  . . . . . . . . . . .  5 b i t  and 4 b i t  d i g i t a l  i n p u t  
Noise f i g u r e  (R.T. ) ,  dB . . . . . . . . . . . . . . . . . . . . . . . . .  < 5  
RF/IF g a i n  a t  h i g h e s t  g a i n  c o n t r o l  l e v e l ,  dB . . . . . . . . . . . . . .  30 
Module power consumption a t  a l l  power l e v e l s  except  o f f  s t a t e ,  mW . . .  250 
TABLE 111. - 30 GHz RECEIVER SUBMODULE PERFORMANCES 
LNA 
Frequency, GHz 
Noise f i g u r e ,  dB 
Gain, dB 
Y i e l d  (D.C.), percent  
Notes 
Type o f  PS 
Phase v a r i a t i o n ,  deg. 
I n s e r t i o n  l o s s  ( t y p i c a l  1 ,  dB 
Frequency, GHz 
Y i e l d  (D.C.), percent  
Conversion l o s s ,  d 6  
I s o l a t i o n ,  dB 
Y i e l d  (D.C.), percent  
Frequency, GHz 
Maximum ga in ,  dB 
Dynamic range, dB 
Noise f i g u r e ,  dB 
Y i e l d  (D.C.), percent  
Phase s h i f t e r  (PS) 
Mixer  
Gain c o n t r o l  a m p l i f i e r  
Hughes 
29.6 t o  32.2 
6.7 
18 
8 t o  27 
Best  performance 
Analog 
180 
2 t o  5 
23.5 
70 
8 to 9 
3.5 t o  6.0 
70 
4 t o  6.5 
12 
30 
5 
52 
Honeywell 
27.5 t o  30 
6.2 
7 
TABLE I V .  - 20 GHz TRANSMITTER CONTRACT GOALS 
I I Phase s h i f t e r  I Constant g a i n  ampl i f i e r  I V a r i  ab1 e power High power ampl i f i e r  ampl i f i e r  
17.7 t o  20.2 
0.2 
>16 
>15% 
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LOGIC I N  
I 
RF I N  I 
I) 
(27.5 TO I 
’ i;””bFl r;? [ I F  OUT 
AMPLIFIER z5 TO 
SHIFTER 
RF IN+ NOISE 
(27.5 To I AMPLIFIER 
30.0 GHZ), 18.0 GHz) 
GAIN / I F  OUT 
-+ MIXER + CONTROL 4 Low- NOISE 
AMPLIFIER AMPLIFIER 1(Q TO 
CONTROL 
AMPLIFIER 
LOGIC I N  LO-IN 
(22.0 GHr) 
HONEYWELL’S APPROACH 
1 
LOGIC I# ___--__--__--- -- 
; - - A I  
25 r - GAIN 1 25
q- 15 
NOISE FIGURE - 
0 
28 29 30 31 32 33 34 
FREQUENCY, GHz 
FIGURE 2. - TWO-STAGE QUARTER MICRON LNA PERFORMANCE. 
i 
ANALOG I 
PHASE I 
SHIFTER I 
I 
I 
I 
I 
I 
I 
L------ t--t------’ 
LOGIC LO I N  
I N  (23.5 GHZ) 
HUGHE’S APPROACH 
FIGURE 1. 
RF I N  RF O U l  
I 
1 9 mm- 
I- 
FIGURE 3. - 23.5-GHz ANALOG PHASE SHIFTER. 
ORIGINAL PAGE IS 
OF POOR QUALITX 
10 
RF INPUT 
PHASE 
SHIFTER 
INPUT LO INPUT IF OUTPUT 
FIGURE 4. - Ka-BAND MONOLITHIC RECEIVER MODULE. 
THREE-BIT SWITCHED L I N E  PHASE SHIFTER 
SWITCH SWITCH 
2 = 5 0 R  
ONE-BIT PHASE SHIFTER 
e, - e2 = p i l  - p i 2  = 180' 
FIGURE 5. - SWITCHED L I N E  PHASE SHIFTER. 
2o r 
10 
0 
-20 I 
F I V E  GAIN STATES OF THE INTERCONNECTED RECEIVE MODULE 
AT ZERO PHASE SHIFT. B IAS ON THE SECOND GATE OF EACH 
STAGE WAS VARIED DISCREETLY FROM 0 TO -0.75 V. 
W 
Y a
> o  
(v 
v) 
1 
28.0 28.5 29.0 29.5 30.0 -180 27.5 
FREQUENCY, GHz 
DIFFERENTIAL INSERTION PHASE FOR 16 PHASE STATES OF THE 
INTERCONNECTED RECEIVE NODULE AT MAXIMUM GAIN. 
FIGURE 6 .  - MEASURED PERFORMANCE OF THE INTERCONNECTED 
RECEIVER. 
FIGURE 7. - 20-GHZ MONOLITHIC TRANSMIT MODULE ( 6 . 3  X 4.7 MM). 
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F l b U R t  8 .  ~ ~O-GHZ VARIABLF-POWER AMPLIFIER WITH D/A CONVERTER (6 .45  X 3.05 MM) .  
SOURCE GATE DRAIN 
I n+-GaAs 
I n A l G a A s  I I 
I I 
u I UNDOPED GaAs h I 
I I I I\\\ 
I 
LHETEROJUNCTION GATE CHANNEL 
EF 
FREE ELECTRONS 
FIGURE 9. - 20-GHz HIGH POWER AMPLIFIER. 
I 
I 
I 
fl-A I GaAs I GaAS 
FIGURE 10. - HIGH ELECTRON MOBILITY TRANSISTOR. 
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